Abstract Landslides and collapses occurred during the May 12th earthquake in Wenchuan County. Most of these landslides and collapses were caused by shear bands. Shear band triggers instability on mountain slopes, resulting in debris flow, landslides, or collapse. According to experimental results, there was only one shear band forming in the soil layer prior to the initiation of debris flow under shear load, although several fine shear bands appeared. The development of shear bands in saturated soils is numerically investigated in this paper using the in situ soil from the Weijia Gully, Beichuan County. The evolution of shear banding from several finite amplitude disturbances (FADs) in pore pressure has been studied. The numerical analysis revealed that the FADs evolved into a fully developed shear band. It is shown that the shear banding process consists of two stages: inhomogeneous shearing and true shear banding.
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Introduction
Sand deposits on a slope can create a landslide because of the development of shear band (Cui 1992; Cui et al. 2008; Vardoulakis 2002) . During the May 12th earthquake in Wenchuan, the amount of landslides was developed step by step from shear band to the sliding surface of a landslide, even if there are several bands first ( Fig. 1 ; Cui et al. 2008; Cheng et al. 2009 ). Therefore, the initiation of shear band has a direct relationship to the occurrence of landslides. Shear bands occur quite frequently in saturated soils under dynamic or static loading conditions and have attracted considerable attention for many years. Among the wealth of literature on this subject, works by Rice (1975) , Vardoulakis (1985) , Ottosen and Runesson (1991) , Runesson et al. (1991 Runesson et al. ( , 1996 , and Rice and Cleary (1976) are mentioned. The necessary conditions for discontinuous bifurcations have been established by their works. Ottosen and Runesson (1991) , Runesson et al. (1996) , Tejchman and Wu (1996) , and Bauer et al. (2004) presented the analytical and numerical results that included general elastic-plastic models. Shear band formation in saturated soils may be described as follows: the strain rate increases, resulting in the build-up of high pore pressure and the decrease of the effective stresses. Under these conditions, the deformation of the saturated soils may develop to shear banding. However, how does the shear band evolve in saturated soils? Why is there only a single shear band occurring at the later stage in a specimen even if there are several bands occurring at the first stage? All these questions are of great importance and many have researched these questions in recent years (Runesson et al. 1998; Lu et al. 2000 Lu et al. , 2004 Lu 2001; Vardoulakis 1986; Lu and Cui 2003; Loret and Provest 1991) . This paper aims to investigate the evolution of shear bands in saturated soils numerically at Beichuan County after the 5.12 earthquake in 2008. The focus of the discussion is on the evolution of the inhomogeneous shear to ultimate band, which creates the sliding surface of a landslide or a collapse. The whole process is divided into two stages: the coalescence stage of several fine shear bands and the localization stage that forms a single shear band.
Numerical model and simulation

Numerical model
Although the above model sheds light on the mechanism of shear band in saturated soils, it is oversimplified and does not accurately reflect real-world scenarios. To investigate the process in detail, numerical simulations and experiments were performed (Bai 1982; Xing et al. 1991; Lade et al. 1988; Lade 1994; Vardoulakis and Graf 1985; Peric et al. 1992; Pietruszczak 1995) . Careful examinations of the same specimen revealed several fine shear bands that were distributed over the deformed region (Fig. 2) . However, only one fully developed shear band appeared prior to collapse.
The finite difference method was implemented to study the instability and the subsequent processes of shear banding in this paper. As shown in Fig. 3 , a block with a length of L was deformed by a constant driving velocity under undrained boundary conditions. The specimen was initially homogeneous and strain-free.
The inertial and elastic effects can be neglected during the process of shear banding. For deformation that is homogeneous on the scale of specimen, the shear stress s is only a function of time, thus the equations governing the specimen deformation are as follows (Oda and Kazama 1998) :
Plastic deformation acts as a source of pore pressure, and the generation rate of pore pressure is proportional to the plastic work rate s_ c. Thus, the one-dimensional pore pressure diffusion equation becomes:
in which p is the pore pressure, E r is the unloading modulus, K ¼ q w g=k, is q w the density of water, k is the Darcy permeability, g is the Earth's gravity acceleration, C 1 is a material parameter, and q is the density of saturated soils mixture.
Here the following type of constitutive equation (Lu and Cui 2003 ; lshibli and Sture 2000; Aifantis 1987) was developed: (Peric et al. 1992) Assuming an undrained condition at the specimen's ends because of rapid deformation and a clamped end, the boundary conditions of pore pressure were:
The specimen was clamped at x = 0 and constrained to move at a velocity
The specimen was strain-free initially at t = 0, e.g.:
The initial strain rate at t = 0 was:
The initial pore pressure in the specimen was the same everywhere:
Now, the non-dimensional form of the above governing equations and boundary conditions and initial conditions were obtained by using the following non-dimensional variables:
in which D is the characteristic width of a shear band, s 0 is the characteristic shear strength, and p 0 is the characteristic pore pressure. Equations 1-8 may be normalized by substituting the above non-dimensional variables as follows:
The over-bar used to indicate a dimensionless variable is omitted in the following sections for simplicity.
Numerical methodology
In phase I (0\t\t s ), it is supposed that the specimen deformed uniformly as the pore pressure rose homogeneously. Then, c; _ c; p; s was found analytically. At t = t s , a number of finite amplitude disturbance (FADs) were introduced into the distribution of pore pressure. Each disturbance was a Gauss distribution in x axial, distinguished by its position, half width and disturbing energy.
In phase II (t s \t\t e ), numerical calculations were carried out to simulate the process in which FADs evolved into shear bands. The details of the numerical methodology were given below.
1. For 0\t\t s , the specimen deformed homogeneously and the pore pressure also increased homogeneously, i.e.
The governing equations at this stage were: dp dt
Integrating these equations with respect to time, the following was obtained:
2. Time t = t s , disturbances of finite amplitude in pore pressure were introduced into the homogeneous (Fig. 4) . After the disturbance, the pore pressure distribution can be theoretically calculated using:
in which N denotes the number of disturbances, f i (x) denotes the distribution function and a i denotes the magnitude of the ith FAD. In this paper, f i (x) is a Gauss function,
in which Dx i is the characteristic half width and x i is the location of the ith FAD. It is supposed that 2Dx i \\a (i.e. disturbances have a short wavelength). Therefore, it may be obtained that:
If the time interval between t À s and t þ s is so small that: (a) the strain state of the block in Fig. 3 remains unchanged, (b) the total energy of the block does not change, (c) elastic and inertial effects can be neglected, (d) the constant velocity and undrained boundary conditions remain true, then c x; t
Thus, each FAD in pore pressure is distinguished by its position x i , its half width Dx i and the percentage concentration energy E i . Here E i is defined as:
By solving Eqs. 27-31, the following results are obtained:
From Eq. 31 and Eq. 35, c; _ c and s at t þ s can be found analytically as follows:
Now, it is very clear that, for a given N; E i ; x i and Dx i , the disturbed h x; t
À Á from Eqs. 35 to 37 may be found.
3. For time t s \t\t e , a numerical calculation was carried out, based on Eqs. 9-16, to simulate the process, in which FADs evolve into a shear band. Numerical integration and Green's function for an undrained boundary were used. Eq. 10 was rewritten as:
Here it is subjected to the same boundary conditions and constitutive relations as before.
Numerical simulation
To investigate the shear banding process in detail, a number of numerical simulations were carried out.
The parameters using in Eqs. 10-16 had to be determined before a numerical simulation could take place. Thus the in situ soils in Weijia Gully in Beichuan County were used to analyze the areas' physical and mechanical properties. The grain sizes of the soils were widely distributed as shown in Fig. 5 . The dry density was 15.79 kg/m 3 . A static and dynamic triaxial apparatus was used to determine the parameters of constitutive relation. There was no peak in the curves of axial strain and deviatoric stress (Fig. 6) . The internal friction angle and the cohesion can be obtained by Mohr circles as 12°and 150 kPa, respectively. Under dynamic loading, the soil can develop to liquefaction (Fig. 7) . From the curves of pore pressure versus time and remnant stress versus time, the changes of the strength and pore pressure can be obtained. Therefore, the relation between the pore pressure and the strength can be analyzed. Then, the parameters a; R; m; n; v; P can be obtained.
The material parameters used in computation were adopted as follows according to the test results:
First of all, calculation to show the effect of different mesh sizes on the features of the shear banding process was carried out. Figure 8 shows the relationship of dimensionless stress and local shear strain at the center of shear band versus nominal shear strain rate (two disturbances were applied). It is shown that when the stress began to decrease (initiation of shear band), the strain rate increased rapidly.
To simulate a number of fine shear bands appearing near the experimentally observed stress peak, up to three FADs with a total energy ranging from 0.1 to 3% were adopted in computation. All cases showed similar late-stage behavior, namely a single shear band appearing in the deformed region. A typical evolution is shown in Fig. 9 . Three FADs gradually merged into a contracted localized area at about c ¼ c l ¼0.2 (c l was the strain at which the stress begins to drop), where a drastic decrease of disturbed stress occurred. Afterwards, as the shear strain rate and the pore pressure of the shear band increased rapidly, the band shrank. Finally, the ultimate shear band was formed, showing a quite stable band width, despite the fact that the pore pressure diffused For analysis of the two stages from the application of FADs to the final shear band, a detailed simulation of the process of shear banding revealed that there were two distinct stages (Fig. 8) separated by c l . During the first stage (c\c l ), the stress evolved close to that of the uniform solution (Fig. 8) . The shear during the second stage (c [ c l ) caused severe localization. The shear band shrank to its final form (Fig. 10) , the stress dropped drastically and the strain rate at the center of shear band increased sharply at first (Fig. 8) . Therefore, the first stage can be thought of as the coalescence stage and the second stage as the localization stage. Figure 11 shows the effect of disturbance energy on the value of c l . The value of c l decreased as the disturbance energy E increased. Disturbances with low energy (0.5%) decreased faster than those with high energy (3.0%). These results suggest the importance of investigating the effects of short wavelength disturbances with low disturbance energy on shear banding after reaching the maximum of the stress-strain curve.
Furthermore, the effects of the distribution of FADs on the position and the time to reach c t were studied. The site Fig. 9 Evolution of one shear band from three FADs. a Strain-rate evolution, b pore pressure evolution, c strain evolution of localization, i.e. the position of the final developed single shear band, was dependent on the distribution of FADs, but did not correspond to any individual FAD. A typical result is shown in Fig. 12 . There, three FADs with total energy of 1% were applied initially at c s ¼ 0:2. Through an energy complicated evolution process, the final developed shear band appeared at c = 0.5, which had a different position from the location of any individual FAD.
Conclusions
The process of shear banding was studied using a numerical simulation. Numerical integration was used to investigate the evolution of finite amplitude disturbances (FADs). In the range of 0\c\c l , even when some disturbances were imposed, no shear localization occurred in the numerical simulations. When disturbances with very low energy were applied, no shear localizations appeared until a nominal shear strain of 2.0 was reached. Thus, FADs with a certain amount of disturbance energy were very important for the occurrence of severe localization in a limited loading time. As far as shear banding is concerned, there seemed to be two distinct phases, separated by the localization strain c l . In the first stage (c\c l ), the finite amplitude disturbances coalesce, and the stress evolved close to that of a uniform solution. Then, in the second stage (c [ c l ), localization occurred; the shear band shrank to its final form, the stress dropped drastically and the strain rate at the center of shear band increased sharply. In the localization stage a single shear band formed. This is qualitatively consistent with the experimental observations. Furthermore, the effects of different aspects of finite amplitude disturbances on the evolution of shear bands were examined numerically. Firstly, the FADs imposed in the vicinity of c c lead to the lowest value of localization strain c l . The disturbances with the highest energy and shortest wavelength also led to the lowest value of localization strain. Secondly, the position of the final developed shear band depends on the distribution of FADs and not on any individual FAD. Finally, the distribution of FADs was found to have an important influence on the value of c l . Generally speaking, the easier the FADs coalesce the smaller the c l , i.e. the earlier the localization occurred.
As the material parameters adopted in the analysis were obtained by using the in situ soils in Beichuan, the evolution of shear banding characterizes the behavior of the soil layer, and the critical conditions for shear band formation can be used in the forecasting of landslides or debris flows in this area. 
